Abstract: Physcomitrella patens Hedw. (Bruch & Schimp.), a species belonging to the Funariaceae, is the first bryophyte the genome of which has been completely sequenced. In addition, the species became a model organism for evolutionary-developmental studies. These qualities of P. patens enable the comparison of genomic features across a very broad range of land plants and allow to infer changes that occurred during early land plant evolution. As hybridization and polyploidization occurs frequently among the Funariaceae, P. patens is also an ideal model to compare these mechanisms of genome evolution among land plants. In order to close the remaining gaps between algae and flowering plants in terms of complete genome sequences, it will be necessary to sequence further representatives from other early diverging land plant lineages. The first such additional projects are now proceeding with the cosmopolitan moss Ceratodon purpureus and the liverwort Marchantia polymorpha. In this article we shall review what the P. patens genome may teach us about land plant evolution and which additional species might be useful to explore in future.
Starting with the publication of the Arabidopsis thaliana genome in the year 2000 (The Arabidopsis genome initiative, 2000) a new area for plant research dawned. The genome of Oryza sativa ssp. Japonica and Indica (rice) and Populus trichocarpa (poplar) followed (Goff et al. 2002; Yu et al. 2002; Tuskan et al. 2006) . The publication of the P. patens genome marked the first genome of a non-vascular plant (Rensing et al. 2008 ). In the last few years the set of available land plant genomes has been broadened extensively and now comprises e.g. seven rosid species (Brassicales, Fabales and Malpighiales), two Vitis vinifera (grapevine) varieties, three Liliopsida (all grasses) and the lycophyte Selaginella moellendorffii. Several other land plant genomes are forthcoming, yet the majority are crops, as is the case with the currently available genomes. An exception is the planed sequencing of swamp cypress, the first genome of a gymnosperm. In terms of algal genomes, there are already plenty available from the green and red algae as well as from the heterokonts. A haptophyte genome has just been sequenced and a cryptophyte, glaucocystophyte and chlorarachniophyte genome are in the pipeline. The next two Bryophyta sensu lato genomes are also in preparation, namely the moss Ceratodon purpureus and the liverwort Marchantia polymorpha.
Evo-devo interest in bryophytes
Bryophyta sensu lato are the second largest group of land plants, comprising liverworts, mosses and hornworts with about 15,000 extant species worldwide (Frahm 2001) . Their main characteristic is the heteromorphic, heterophasic life cycle with the haploid gametophyte representing the assimilating, dominant generation, and a mostly short-lived sporophyte growing upon the gametophyte (Hofmeister 1851) . During evolution of the vascular plant lineage the gametophyte was reduced and the sporophyte became the dominant generation. Based on fossil records, in which the sporophyte and the gametophyte share a comparable morphological complexity in early land plants, we can reliably assume that the split between Bryophyta sensu lato and tracheophytes must have occurred shortly after the occupation of the land approximately 460 million years ago (MYA) in the Middle Ordovician (Kenrick & Crane 1997; Graham et al. 2000; Taylor et al., 2005) . Thus, extant Bryophyta sensu lato are representatives of three lineages that were separated from tracheophytes early during land plant evolution, yet sharing embryophytic features like archegonia, antheridia and multicellular sporophytes. Plesiomorphic features like the necessity of free water for fertilization, due to flagellate spermatozoids, and the lack of lignin in their morphologically simple thallus tissue make Bryophyta sensu lato suitable model organisms for early land plants (Newton et al. 2000) .
Systematic position
With regard to morphological features, as well as due to current molecular data, Marchantiophyta (liverworts or hepatics), Bryophyta sensu stricto (mosses) and Anthocerotophyta (hornworts), in the order of their separation from the vascular plant lineage ( Fig. 1 ; Qiu et al. 2006) , are assumed to be distantly related and therefore classified as three divisions Nickrent et al. 2000) . The largest and most diverse division are the mosses with about 10,000 species. Bryopsida (true mosses) are the largest and most speciose class, subdivided into Buxbaumiidae (Doweld), Diphysciidae (Ochyra), Timmiidae (Ochyra), Funariidae (Ochyra), Dicranidae (Doweld) and Bryidae (Engl.), the latter furthermore subdivided into Bryaneae and Hypnanae (Goffinet & Buck, 2004) . Bryopsida are morphologically distinguished by growth form and varying structure of their peristome (a row of teeth surrounding the capsule mouth) (Vitt 1984) . P. patens is a member of the small and ancient order Funariales, composed of the families Funariaceae and Disceliaceae (Goffinet et al. 2007 ), sharing diplolepidous-opposite peristomes (i.e., the endostome is positioned opposite the exostome). The diplolepidous-opposite peristome of Funariales is discussed to be the plesiotypic structure leading to the diplolepidous-alternate peristomes (exostome and endostome teeth alternate) of Bryidae as well as to the haplolepidous peristomes of Dicranidae (Vitt 1984; Cox & Hedderson 1999) .
Perspectives
Which mosses shall we sequence? Axenic cultures are needed for molecular, cellular and physiological studies (Duckett et al. 2004) . Also, axenic singlespore isolates of a species of interest are essential for sequencing projects. The establishment of such cultures from surface-sterilized spores or tissue is feasible for a broad range of species (Fig. 2) . Regarding the phylogenetic position of P. patens as a mono-and synoecious, secondarily reduced species of the small and probably most ancient subclass of Bryopsida, one may reason it is not a good representative for Bryopsida or mosses as a whole. To gain more detailed information about the evolution of true mosses it is indispensable to sequence moss genomes from different subclasses. Besides the P. patens genome and transcriptome (Rensing et al. 2008) there are transcript sequences available from Tortula (Syntrichia) ruralis and Ceratodon purpureus. Both species are representatives of the haplolepidous Dicranidae, providing interesting ecophysiological aspects of mosses which are not represented in the model organism P. patens. T. ruralis is desiccation tolerant (Mishler & Oliver, 1991; Oliver et al. 1993) and C. purpureus represents in many aspects the contrary to P. patens as it is a dioecious, heterosomal species with a cosmopolite distribution due to effective long range spore dispersal. Sequencing such species should be perceived as first steps towards understanding the evolution of true mosses; as the next step the largest subclass, the Bryidae, should be included. Of particular evolutionary interest are for example the Hypnanae as the youngest lineage of true mosses, with a unique growth form of creeping, highly branched stems. Certainly several more mosses are of special interest regarding miscellaneous physiological features. One such example is the cave-inhabitating Schistostega pennata, which developed a mechanism of surviving under low light conditions. The phenotype of this "glow" or "cave" moss exhibits adaptations to darkness as the protonema generates roundish cells with a lens-like swelling on their distal side, allowing light bunching for photosynthesis (Frahm 2001) . Besides the Bryopsida there are the moss classes Polytrichopsida (Doweld), Andreaeopsida (Schaffn.), Andreaeobryopsida (Goffinet & Buck) , Tetraphidopsida (Goffinet & Buck) , Sphagnopsida (Ochyra), Oedipodiopsida (Goffinet & Buck) and Takakiopsida (Stech & Frey), featuring manifold and evolutionary interesting morphological features, which should be supplemented by genomic data in future. The class Polytrichopsida exhibits the most sophisticated gametophyte among mosses with a hadrom and hydroids, representing centralized water conducting tissue, and a leptom as assimilate conducting tissue (Frahm 2001) . Furthermore, they posses waxy water-repellent surfaces (Proctor 2000) , leading to an ectohydric gametophyte which can achieve an astonishing size; gametophytes of Polytrichum commune may grow up to a maximum length of about 60 cm. To cite another interesting example, the class Takakiopsida is of evolutionary importance as well. It comprises only two species, namely Takakia ceratophylla and Takakia lepidozioides. The unique phenotype of this genus unifies gametophytic liverwort characters, like e.g. missing rhizoids, and sporophytic moss characters, like e.g. a calyptra, antheridia development and the shared ultrastructure of the spermatozoids (Frahm 2001 ). In summary, there are several groups of mosses that are interesting in terms of morphology, physiology or taxonomy and need to be examined carefully by means of modern sequencing technologies to gain more insight into as yet unanswered questions of early land plant evolution. We suggest to sequence representatives of several mosses due to their informative phylogenetic position (representatives of the Hypnanae, Sphagnopsida and Takakiopsida, black circles in Fig. 1 ) and others due to their intriguing morphological or physiological features, namely T. ruralis, S. pennata (Dicranidae) and P. commune (Polytrichopsida, blue circles in Fig.  1 ). While sequencing of the transcriptome might be sufficient to analyze phylogenetic relationships and some features of genome evolution, genome sequencing of a broader set of mosses will be necessary to serve as reference genomes for the very diverse lineages of this taxonomic group.
Which further plant and algal genomes do we need?
Besides the above mentioned groups and species of true mosses, further species need to be sequenced in order to fill the huge current gaps in the land plant phylogeny in terms of available genome data (black circles in Fig. 1 ). As of Bryophyta sensu lato, it would be helpful to sequence a hornwort, as representative of the remaining division. Also, a basal liverwort genus like Haplomitrium would be interesting. Within gymnosperms, representatives of the different monophyletic lineages should be sequenced, e.g. cycads and conifers. Also, at least one fern genome would be highly informative, as well as the genome of a dinophyte alga (not shown in Fig. 1 ). For the last three groups, huge genome sizes have so far hindered genome sequencing projects, but with advancing technology and decreasing costs the sequencing of such genomes will in future be feasible. Between the unicellular green algae and the land plants another gap has to be closed. Sequencing of a charophyte as the algal group most closely related to land plants would be highly benefitial to further unravel the water-toland transition of plant life.
Plant genome evolution: the role of (paleo) polyploidization
Polyploidization by hybridization is considered an important driving force of plant evolution (De Bodt et al., 2005; Soltis and Soltis, 2009) . Analysis of the A. thaliana genome revealed that its genome was duplicated in the past, i.e. it is a paleopolyploid (Vision et al., 2000; Simillion et al., 2002; Bowers et al., 2003) . Attempts to date the three apparent duplication events were difficult prior to the availability of a diverse set of plant genomes, from different taxonomic groups, for comparison (De Bodt et al., 2005) . Studies on a diverse set of crops (Vandepoele et al., 2003; Blanc and Wolfe, 2004) and basal plant species (Cui et al., 2006) revealed that the majority of angiosperms (as well as some gymnosperms) are paleopolyploids and that ancient as well as recent polyploidization events are frequent among land plants. The availability of novel plant genomes made novel insights possible, such as the more accurate dating of the two most recent whole genome duplications in the A. thaliana lineage due to the sequencing of the Carica papaya genome (belonging to the Brassicales, like A. thaliana) (Ming et al., 2008) . Even more thrilling, the availability of the V. vinifera genome allowed to infer that the last common ancestor of all eudicots was a de facto hexaploid (Tang et al., 2008) , i.e. harbouring a genome that was already subject to a least two rounds of polyploidization and subsequent loss of genomic elements, resulting in an approximate triplicate of the ancestral genome. Yet, a lot of open questions remain, such as whether the triploidy is shared with the Liliopsida, whether all angiosperms are paleopolyploids and which of the gymnosperm groups are paleopolyploids (Soltis and Soltis, 2009 ). In the genomes of algae, no traces of ancient polyploidizations can be found. However, the P. patens genome revealed that the species is a paleopolyploid and thus that the "utilization" of genome duplication as an evolutionary mechanism was apparently established early during land plant evolution (Rensing et al., 2007; Rensing et al., 2008) . Besides inference of traits that evolved around the water-to-land transition, the analysis of the P. patens genome has taught us that functional categories of retained paralogs are not generally correlated after duplication events (Rensing et al., 2008) . There are gene families that have been expanded in P. patens but not in the A. thaliana lineage and vice versa and the over-all focus of flowering plants to retain paralogs (more precisely: paleologs; i.e. paralogs acquired by polyploidization) involved in signal transduction is rivaled by the tendency of mosses to retain genes involved in metabolism (Rensing et al., 2007) .
Polyploidization as an evolutionary mechanism among mosses
Concerning polyploidy a distinction can be drawn between autopolyploidy and allopolyploidy. The former represents a whole-genome duplication event whereas the latter occurs as a result of combination of two different parental chromosome sets, namely hybridization, along with polyploidization. Any such duplication event opens up new possibilities of gene functionalization and gene family evolution resulting in potential benefit (Blanc and Wolfe, 2004b) . The frequency of polyploidy in angiosperms is at least 70% and is estimated to be about 95% in pteridophytes (Soltis and Soltis, 1999) . The majority of these are allopolyploids, resulting from (interspecific) hybridizations and a doubling of chromosomes (Wyatt et al., 1988) . In mosses, autopolyploidization as well as allopolyploidization is assumed to be of particular importance for species radiation and evolution (Natcheva and Cronberg, 2004) . Most liverworts harbour nine chromosomes and hornworts usually eight, nine or ten; there are only few polyploids in both groups (Fritsch, 1991; Frahm, 2001 ). The mosses, in contrast, display chromosome numbers between four and 72 (Fritsch, 1991) . These are probably due to both different base numbers in the different orders and a lot of aneuploids (through chromosome fission, fusion or loss) and polyploids (Crum, 2001) . The base numbers of chromosomes among mosses are considered to be four, five, six and seven (Frahm, 2001) . Several groups of mosses exhibit chromosome sets with the base number seven, such as the Tetraphidaceae with seven or eight chromosomes or the Polytrichaceae with seven, eight, 14 or 21 chromosomes (Fritsch, 1991) . Within the Funariaceae seven, 14, 21 or 28 chromosomes are the dominant numbers. The haploid chromosome count of P. patens has been reported to be 27 (Reski et al., 1994) . If the chromosome base number among the Funariaceae is seven, this would make it a putative paleopolyploid and paleoaneuploid which has undergone two rounds of genome duplication and subsequent loss of a chromosome (Rensing et al., 2007) . Deviating chromosome counts of 14 and 28 have been reported for two different P. patens isolates (Engel, 1968) . The median of chromosome numbers among Funariaceae is 26.5. Funaria hygrometrica seems to be a reliable representative for its family regarding chromosome numbers as it features a median of 27 chromosomes. The genus Physcomitrium possesses higher and more variable chromosome numbers with a median of 36.8. Physcomitrium pyriforme usually exhibits a higher chromosome count, with several samples each being described to contain 18, 26, 36, 52 and 54 haploid chromosomes, with the highest number reported being 72 chromosomes (Fritsch, 1991) . Recent analyses revealed insights into the microevolution on species level due to hybridization and resulting allopolyploidization among the Funariaceae. The genus Physcomitrium features at least two hybrid species, Physcomitrium eurystomum and Physcomitrium collenchymatum (McDaniel et al., 2009) . However, the number of hybrid species among the genus Physcomitrium might be even higher. A high degree of hybridization among Funariaceae would explain the highly diverse chromosome counts for several species among this family.
Hybridization among true mosses
In mosses the number of hybridization events and species formed by cross-fertilization of different species or genera is mainly recognized in the families Pottiaceae, Funariaceae and Ditrichaceae, based on their varying sporophyte morphology, simplifying the detection of hybrid species by dint of phenotypic features (Natcheva and Cronberg, 2004) . So far only a few hybrid species are reported within the moss families Bryaceae, Grimmiaceae, Dicranaceae, and Sphagnaceae. During the last two centuries hybrids were mainly identified on the basis of sporophyte morphology. Also, crossing experiments were performed to study morphology and fertility of hybrid species (Wettstein, 1924; Anderson and Lemmon, 1972) . Several crossing experiments and successful hybridizations were described for the Funariaceae, e.g. Physcomitrella patens x Physcomitrium turbinatum (Britton, 1895; Andrews, 1918) , Physcomitrella patens x Physcomitrium sphaericum (Pettet, 1964) and Physcomitrella patens x Funaria hygrometrica (Wettstein, 1932) . The resulting hybrids usually share intermediate sporophyte characters (Natcheva and Cronberg, 2004) . The sporophyte morphology of Funariaceae is quite diverse, featuring reduction of the sporophytic complexity in several species. Funaria is a longer-lived Funariaceae genus featuring a diplolepidous-opposite peristome and a long seta, whereas Physcomitrium and Enthostodon are short-lived, with a shorter seta and gymnostomic capsules (Frahm, 2001) . Physcomitrella exhibits sunken-in cleistocarpic capsules (without regular dehiscence) and a reduced seta. It can be assumed that Physcomitrella is the most reduced genus with adaptations to an ephemeral (short-lived) living, whereas Physcomitrium and Enthostodon represent an intermediate position. The emergence of a cleistocarpous (i.e., featuring a capsule with operculum or lid) taxon from a stegocarpous taxon is found several times within the acrocarpous mosses. Secondary reduction of peristome structures might well represent a common evolutionary process among mosses. Given the supposed hybrid origin of some Physcomitrium species and a high number of hybridization events within the Funariaceae the intermediate sporophyte morphology of Physcomitrium might be interpreted as morphological evidence for a mixture of different parental genotypic attributes, leading to a mixture of phenotypic characters. For the above mentioned reasons, mosses such as P. patens represent a good model to study the effects of hybridization and polyploidization. The dominant haploidy is expected to aid in the discovery of features that might be hidden when analysing diploid species containing homeologs.
Outlook
The current assemblage of plant genomes merely represents the first stepping stone towards understanding land plant and, in particular, bryophyte evolution. Genome sequences of organisms such as those suggested above are expected to teach us a great deal about how terrestrial plant life has evolved and continues to evolve. Hybridization and polyploidization and the subsequent molecular and morphological evolution have great impact on plant radiation and the capability of plants to survive and develop benefitial traits. Besides an increase in our understanding of how plant biodiversity is established and maintained, an in-depth understanding of hybridization and polyploidization offers the potential to generate better crops through conventional breeding techniques, potentially circumventing current sociological and political problems with genetically modified food. In the same way the sequencing of a taxonomically broad set of genomes has already aided basic and applied research in the animal kingdom will it influence our understanding of plants.
